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A theoretical study of the photoluminescence spectrum associated with shallow acceptors in
GaAs-(Ga, A1)As quantum wells is performed. As a general feature, there are two special structures
in the acceptor-related spectrum: an edge associated with transitions involving acceptors at the
center of the well, and a peak associated with transitions related to on-edge acceptors. The photo-
luminescence line shape depends on the temperature, the quasi-Fermi energy of the conduction-
subband electron gas, and on the acceptor distribution along the quantum well. It is suggested that
an analysis of the acceptor-photoluminescence line shape could allow an experimental determina-
tion of the quasi-Fermi-energy level of the conduction-subband electron gas as well as of the on-
edge-acceptor binding energy. Experimental results of unintentionally doped multiple-quantum-
well GaAs-Gao, Alo, As samples by Miller et al. [Phys. Rev. B 25, 3871 (1982)] and of single quan-
tum wells of GaAs-Gao gsAlp, gAs by Meynadier et al. [J. Appl. Phys. 58, 4307 (1985)] are in excel-
lent agreement with theoretical results obtained with a homogeneous distribution of acceptor im-
purities along the GaAs layer and a convenient choice of the quasi-Fermi-energy level.
I. INTRODUCTION
Since the original proposal by Esaki and Tsu' on syn-
thesized semiconductor superlattices, the advent of
modern growth techniques such as molecular-beam epi-
taxy and metal-organic chemical-vapor deposition has
made possible the realization of high-quality man-made
systems consisting of alternating layers of two different
semiconductors with controlled layer thicknesses and
sharp interfaces between the layers. These so-called su-
perlattices and heterostructures have been receiving con-
siderable attention in the last two decades due to the
unique nature of their electronic states. The integral and
fractional quantum Hall effects observed in low-
dimensional systems are spectacular examples of the new
physics associated with these man-made structures.
Heterostructures consisting of alternating layers of
Ga, „Al„As (x (0.4) and GaAs, with thicknesses vary-
ing from a few atomic layers to several hundreds of A,
have been widely studied and present a band-gap discon-
tinuity distributed approximately 60% on the conduction
and 40% on the valence band. ' Both electrons and
holes in each GaAs layer of the heterostructure are
confined in a potential well arising from the larger gap of
the neighboring Ga, „AI„As layers. Quantum size
effects will occur and therefore the Ga& Al As-GaAs-
Ga, Al As system is referred to as a quantum well
(QW).
Due to the potential device applications of heterostruc-
tures, ' ' the understanding of the properties of impuri-
ty states associated with such systems is a subject of con-
siderable technological and scientific relevance. The first
theoretical study in that area was performed by Bastard'
on hydrogenic impurities in infinite-barrier QW s. In the
past few years, several experimental and theoretical
works have been reported on the subject of impurity
states in low-dimensional systems and, in particular, on
the properties of shallow donors and acceptors in GaAs-
(Ga,A1)As QW's.
From the theoretical point of view, the effects of finite
barriers on the on-center-donor binding energy in GaAs-
Ga& „Al,As QW's was studied by Greene and Bajaj, '
whereas Mailhiot et al. ' dealt with the problem of
effective mass and dielectric-constant discontinuities at
the interfaces for both the on-center and on-edge situa-
tions. The effect of nonparabolicity of the conduction
band for an on-center donor in a finite QW was included
by Chaudhuri and Bajaj. ' The inhuence of a short-range
core potential and of the I 8 heavy-hole —light-hole
valence-band coupling ' ' on acceptor states and of spa-
tially dependent screening have also been considered
in refining previous calculations.
Experimentally, Miller et al. ' reported the first ob-
servation of impurity-related photoluminescence features
which were attributed to the recombination of n = 1
conduction-subband electrons with neutral acceptors in
41 3719 1990 The American Physical Society
3720 L. E. OLIVEIRA AND J. LOPEZ-GONDAR 41
unintentionally doped and Be-doped molecular-
beam-epitaxy (MBE}-grown GaAs-Ga, ,Al„As multiple
QW's. Meynadier et cil. have also performed acceptor-
related photoluminescence measurements in nominally
undoped GaAs-Gai „Al„As QW's. Various experimen-
tal results on the properties of donors in GaAs-
Ga, „Al„As QW's have been reported by Shanabrook
et al. ' A detailed account of experimental and
theoretical work in this field may be found in recent re-
views.
The acceptor binding energies measured by Miller
et al. were quantitatiuely interpreted by Masselink
et al. ' ' and Chang ' with a calculation of the bind-
ing energies of on-center acceptors. Also, the experimen-
tally measured donor binding energies were compared
with theoretical calculations' ' ' involving on-center
donors. Meynadier et cil. calculated the electron-to-
acceptor photoluminescence line shape and claimed that
the acceptor distribution which would fit their experi-
mental results had its maximum, at the well interface, ex-
tending about 7 A in the barrier and 12—30 A in the well.
As will be argued in this work, the various observed pho-
toluminescence spectra are not related to impurities ex-
clusively at the on-center position. The distribution of
acceptors centered around the on-edge location, proposed
by Meynadier et al. , is not necessarily the adequate
one. In fact, the experimental results should be com-
pared with a theoretical impurity-related photolumines-
cence spectrum calculated for a given distribution of im-
purities along the heterostructure and depending not only
on the temperature but also on the quasi-Fermi energy of
the conduction-subband electron gas.
In this work we analyze the theoretical photolumines-
cence spectrum associated with transitions between the
n = 1 conduction subband electron gas and the acceptor-
impurity band for a GaAs-Ga, „Al„As QW. Section II
will present some theoretical aspects on the calculation of
the photoluminescence spectra. Results and discussion
are in Sec. III, and conclusions are in Sec. IV.
II. THEORY
The transition probability per unit time from initial (i)
conduction states to a final (f) acceptor state is given by
(2.1)
where H;„,=Ce p, e is the polarization vector in the
direction of the electric field of the radiation, p is the
momentum operator, and C is a prefactor which contains
the photon vector potential. The matrix elements may be
written as
where 0 denotes the volume of the unit cell, uf (u, ) is the
periodic part of the Bloch state for the final (initial) state,
and Ff (F, ) is the envelope function for the final (initial)
state.
For a GaAs-(Ga, A1)As QW of width L, the transition
probability per unit time for conduction-subband to ac-
ceptor (associated with a single impurity located at z =z, ;
the z =0 origin is chosen at the center of the GaAs well)
transitions is therefore given by
'2
ao m +2J2
Wc (z; co ) = Wo — (Nba o )2 ao mo ao k(2 )
X Y( irico —e +E (L,z; ) ), (2.3)
where ao is the Bohr radius, mo is the free-electron mass,
cia =A' so/(m„'e ) is the effective Bohr radius associated
with the acceptor impurity, Y(x) is the step function,
N =(I/(0'~%) )' is the normalization factor for the ac-
ceptor variational wave function, and Xb is the normali-
zation factor for the wave function associated with the
first conduction subband. In the above expression, we
have
ki(z; ) = I 2m,'[fico sz+E (L,z; )]—/iii ] '~ (2.4a)
c =E +E„' ) +E„' (2.4b)
W, = aPC['/e P„i', (2.4c)
in which Eg is the bulk GaAs gap, E„', (E„",) is the
bottom (top) of the first conduction (valence) subband,
E(L,z; )=E; is the acceptor binding energy, and e Ps is
the first RHS matrix element in Eq. (2.2). One should
point out that the coupling between the top four valence
bands is neglected and it was considered a spherical
heavy-hole effective mass m„*=0.30mo which gives a
bulk value of 26 meV for the effective Rydberg
Ro =m,'e /(2' so). Also, although the effective masses,
m,*„and the dielectric constant vary across the inter-
faces, ' we assume the values of m„*, and of the dielec-
tric constant in GaAs for all regions of the heterostruc-
ture.
In the case of a rectangular GaAs-(Ga, A1)As finite QW
with its growth direction along the z axis, we have for
J =J(z, , A. , ki(co) } in Eq. (2.3) [J is related to the second
RHS matrix element in Eq. (2.2)],
(f~H,„,~i ) = C —I dr uf (r)e pu, (r)1
(2.5}
X JdrFf (r)F, (r) (2.2) where A, is the variational parameter of the acceptor wave
function,
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In the above expressions k», k2b, and ab are given by
Eqs. (2.7d), (2.7e), and (2.7f) with the effective mass and
barrier potential Vz corresponding to the conduction
subband. We assume that the band-gap discontinuity '
in the GaAs-oa, „Al„As heterostructure is distributed
about 40% on the valence band and 60% on the conduc-
tion band with the total band-gap difference AE between
GaAs and Ga& Al As given as a function of the Al con-
centration x &0.4 as b,Es(eV) =1.247x.
We now consider a single QW with a N, (z, ) distribu-
tion of acceptor hydrogenic impurities in which electrons
have been optically injected into the conduction band and
recombine with holes in the acceptor or valence bands
(see Fig. 1). We are concerned with the line shape of the
recombination associated with holes in the acceptor band
and we assume that the temperature is low enough
(T« 100 K) such that each acceptor state is filled with a
hole. The photoluminescence spectrum associated with
the n =1 conduction-subband to acceptor transitions is
therefore given by
L(co)=(1/L) J dz;N, (z, )JVI (z,.,oi)f (ck ), (2.8)—L/2
where f ( ci, ) = 1/I I +exp [p( fiui cg +E—; —EF ) ] ) is the
Fermi distribution (P= 1/ks T) for the conduction-
subband electron gas, and EF is the quasi-Fermi-energy
level (measured from the bottom of the subband) of the
electron gas in the steady-state quasiequilibrium.
III. RESULTS AND DISCUSSION
Calculations were performed for GaAs QW's of infinite
depth as well as for GaAs-Ga, ,Al, As QW's with
different Al concentrations. Unless otherwise stated, the
results in this work assume a homogeneous' distribution
of acceptors along the well (e.g., N, (z, ) = 1). The
acceptor-related theoretical photoluminescence spectra
for a L /au = 1 infinite QW and m„'/m, *=6 are shown in
Fig. 2 for different quasi-Fermi energies and a tempera-
ture such that PE',„=23, where E',„ is the on-center
acceptor binding energy. Our results should be com-
pared with those of Fig. 8 of the work by Bastard. ' No-






FIT&. 1. Schematic representation of special luminescence
transitions in a GaAs-(Ga, A1)As QW with an acceptor impurity
band. The parabolas represent a pictorial view of the planar (k~
dependence) dispersion of the 6rst conduction and valence sub-
bands. Also shown is the Fermi distribution for the
conduction-subband electron gas.
FIG. 2. Luminescence spectra for an infinite QW associated
with electron~ acceptor-band recombinations for three
different quasi-Fermi energies: EF/E', „=—0.2, 0.2, and 0.4,
with L/a 1,0PE',„=23, and m„*/m,*=6. The curves are
scaled to reach l at their maxima. The quantity plotted on the
horizontal axis is given by Ace = cg —E',„+xE' „„.
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tice that, in our results, the photoluminescence spectra go
continuously to zero as x~0+, as expected, whereas
Bastard obtained a steplike behavior for L (co).
Figure 3 displays our results for the photoluminescence
spectra in L =20-A GaAs-(Ga, A1)As QW's at T =25 K
and with typical' ' ' ' quasi-Fermi-energy levels of the
conduction-subband electron gas of Ez =20, 10, and —10
meV, respectively. Some characteristic features should
be pointed out. The spectra present two van Hove-like
structures at E, (E', ) and E2(Ez) associated with special
transitions from the bottom of the conduction subband to
states corresponding to acceptors at the on-center and
on-edge positions, respectively. Therefore, a measure-
ment of the luminescence spectra associated with accep-
tors would, in principle, allow a determination of the on-
edge and on-center acceptor binding energies. The shift
of the finite-barrier luminescence curves to smaller ener-
gies when compared to the infinite case is essentially due
to changes in the n = 1 conduction- and valence-subband
edges when the finite-barrier potential is considered. This
behavior is similar to the one found when studying the
optical absorption spectra associated with impurities in
QW's. It is also apparent from Fig. 3 that changes in the
quasi-Fermi-energy level (which depends essentially on
the experimental conditions such as the laser power and
frequency, electron-phonon scattering rates, etc. ) may
considerably change the photoluminescence spectrum.
The acceptor-related luminescence spectra for a
L =100-A GaAs-Gao 7Alo 3As QW is presented in Fig. 4
for E~=10 meV and two different temperatures, T=2
and 25 K. At T=2 K the van Hove-like structures E3
and E4 (cf. Fig. 1) clearly show up in the spectrum. The
structure at E3 is related to transitions from the quasi-
Fermi-energy level of the conduction-subband-electron
gas to states associated with on-center acceptor impuri-
ties and becomes very much pronounced at T =2 K, sug-
gesting the possibility of performing precise photo-
luminescence measurements of the quasi-Fermi-energy
level of the conduction electron gas in the steady-state
quasiequilibrium. One should note that the photo-
luminescence spectra associated with the shallow accep-
tor band would in general appear in the low-energy "tail"
of the excitonic line, which was not considered in this
work and, therefore, the features connected to the van
Hove-like structures E, and E4 would be very diScult to
be experimentally observed.
Of course, the impurity-related photoluminescence
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FIG. 3. Photoluminescence line shape (in unites of Wo,' see
text) associated with electron-to-acceptor recombinations for a
L=20 AGaAs-(Ga, A1)As QW, T=-25 K, and three different
quasi-Fermi energies: (a) E+=20 meV, (b) EF=10meV, and (c)
EF= —10 meV. The dashed lines correspond to an infinite-
barrier GaAs QW and full curves to a GaAs-Gao, Alo, As QW.
E& and E& (E& and E~) indicate the onset of transitions from the
conduction subband to the upper edge (lower edge) of the accep-
tor band. Eg is the bulk GaAs gap.
0 20 40
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FIG. 4. Luminescence spectra (in units of Wo, see text) of
shallow acceptors for an L=100-A GaAs-Gao, A1O, As QW,
EF=10 meV, and T=2 K (solid curve) or T=25 K (dashed
line). E, (E&) indicates the onset of transitions from the con-
duction subband to the upper edge (lower edge) of the acceptor
band, and E3 and E4 indicate "critical" transitions associated
with the quasi-Fermi level.
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spectrum should depend not only on the quasi-Fermi-
energy level (Fig. 3) and temperature (Fig. 4) but also on
the distribution of acceptors along the well. Shanabrook
and Comas have performed photoluminescence experi-
ments from "spike-doped" hydrogenic donors at the
center of (Ga,A1)As-GaAs QW's with the width of the
doping spike of the order of 50 A as compared to nomi-
nally undoped samples, and the results indicated consid-
erable changes in the luminescence line shape. We there-
fore investigated the effect on the acceptor-related photo-
luminescence spectrum of a Gaussian (centered at z; =0
and with a 50-A halfwidth) distribution of acceptors in-
side the well as compared to the homogeneous one. The
results are shown in Fig. 5 for a L =160-A Gao 7Alo 3As-
GaAs QW and for various quasi-Fermi-energy levels, and
indicate the qualitative differences in the spectrum from
different distributions of impurities. Our theoretical re-
sults in Fig. 5 should be compared with the smaller peak
(extrinsic luminescence) in the photoluminescence spec-
trum of Fig. 1 by Miller et al.
Results presented up to Fig. 5 have been calculated
with a constant co screening' for the hydrogenic impuri-
ty potential. In dealing with impurity states, however, it
can be argued that a more realistic description of screen-
ing can be achieved with a spatially dependent e(r)
dielectric response, ' and therefore, from now on and
in order to compare our results with experimental data
we will use such an approach. For acceptor-impurity
states, spatially dependent screening effects may shift
the impurity binding energies up to a few meV for QW
widths of the order of = 100 A.
In order to analyze the experimental acceptor-related
photoluminescence results by Miller et al. in uninten-
tionally doped multiple QW's of (Ga,A1)As-GaAs, we
have performed calculations (for a homogeneous distribu-
tion of acceptor impurities along the QW) of the
acceptor-luminescence spectra of a L =50-A GaAs-
Gao 7A10 3As single QW at T = 5 K and quasi-Fermi en-
ergies of E+=5, 10, and 20 meV (cf. Fig. 6). For
EF =5—10 meV, we find a double-peaked structure in the
theoretical luminescence spectra in agreement with the
L =50 A experimental results by Miller et al. Notice
that one of the peaks in the theoretical spectra is associat-
ed with on-edge acceptors (cf. Fig. 6 and E2 van Hove-
like structure). Moreover, for EF=5 meV, the energy
difference between the two peaks in the luminescence
spectra is in excellent agreement with experimental
data. Figure 7 shows the calculated spectra for EI; =5
rneV and different GaAs-(Ga, A1)As QW widths. One
should notice that the relative weight of the E2 on-edge
acceptor-related luminescence peak with respect to the
other peak decreases with increasing QW widths. There-
fore, it is apparent from Fig. 7 that the E2 peak (associat-
ed with the lower curve in Fig. 8) will be more difficult to
be experimentally observed with increasing QW widths
0
(for L ) 100 A, the E2 structure is therefore indicated in
Fig. 8 by a dashed curve); moreover, this difficulty will be
increased because the E2 structure would appear in the
tail of the exciton line (which is not accounted for in our
theoretical calculation). Considering that, one should
note the rather good agreement —notice that
Es =1.519 eV—between our results in Fig. 7(b) and the
spectrum corresponding to the smaller peak (extrinsic
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FIG. 5. Photoluminescence line shape (in units of Wo, see
text) associated with electron-to-acceptor recombinations for a
0
L =160-A GaAs-Gao, A1O,As QW, T=5 K, and quasi-Fermi
energies (a) EF=5 meV, (b) E+=10 meV, and (c) E+=20 meV.
The solid (dashed) curves correspond to a uniform (on-center
Gaussian) distribution of acceptor impurities. E, and E, indi-
cate the onset of transitions from the conduction subband to the
upper and lower edges of the acceptor band, respectively, and
E,„ the onset of conduction-to-valence subband transitions.
















FIG. 6. Photoluminescence line shapes (in units of Wp' see
text) associated with electron-to-acceptor recombinations for a
L= 50 AGaA-s-Gao, Alo 3As QW, T=5 K, and quasi-Fermi en-
ergies EF=5 meV (curve 1), EF =10 meV (curve 2), and E+ =20
meV (curve 3). E& and Ez indicate the onset of transitions from
the conduction subband to the upper and lower edges of the ac-







1 by Miller et al.
The theoretical shifts hE of the two peaks in the
theoretical acceptor-related photoluminescence spectra
with respect to E,„(the onset of conduction-to-valence
subband transitions) is displayed in Fig. 8 as functions of
the GaAs-Gao 7Alo 3As QW width for T = 5 K and
E+=5 meV. Also shown are the experimental results for
the so-called acceptor "binding energies" by Miller
et al. obtained in the same way. As is clear from our
results in Figs. 7 and 8, the appropriate way to quantita-
tively compare theoretical and experimental "binding en-
ergies" from impurity-related photoluminescence results
is via a careful analysis of the theoretical luminescence
line shape and not through a calculation of on-center im-
purity binding energies as done in previous theoretical
work. ' ' ' ' ' ' ' Moreover, as mentioned before,
one should be aware that the theoretical calculation de-
pends considerably not only on the distribution of irnpur-
ities along the heterostructure but also on the choice for
the quasi-Fermi-energy level for the n =1 conduction-
subband electron gas. Since the experimental results
are for unintentionally doped QW samples, we have
chosen a homogeneous distribution of acceptor impuri-
ties inside the QW. On the other hand, the choice for the
conduction-subband quasi-Fermi-energy level (EF = 5
meV) was essentially based on a comparison of the
double-peaked theoretical photoluminescence results and
experimental data for the "binding energies" in the case
of a L =50-A GaAs-Gao 7Alo 3As QW. An ttb initio cal-
culation of the quasi-Fermi-energy level of the
conduction-subband electron gas for a given experimental
situation is beyond the scope of this work.
Figure 9 displays the T =2 K acceptor-related theoret-
ical photoluminescence spectra for GaAs-Ga& Al„As















and quasi-Fermi-energy levels of 5, 10, and 20 meV. The
motivation for the calculation was the experimental re-
sults by Meynadier et al. in nominally undoped GaAs-
GaA1As QW's. In all theoretical spectra one observes a
well-defined structure at E2, i.e., at the onset of transi-
tions from the conduction subband to on-edge acceptor
(hu) —Eg )(me V}
FIG. 7. Photoluminescence line shapes (in units of Wo, see
text) associated with electron-to-acceptor recombinations for a
(a) L= 50-A, (b) L= 160-A, and (c) L=300-A GaAs-
Gao, Alo 3As QW at T=5 K and quasi-Fermi energy EF=5
meV. E& and E~ indicate the onset of transitions from the con-
duction subband to the upper and lower edges of the acceptor
band, respectively, and E,„ the onset of conduction-to-valence
subband transitions.




























FIG. 8. Experimental binding energies (Ref. 25) versus
quantum-well thickness L compared with theoretical curves as-
sociated with the two peaks of the T=5 K photoluminescence




states. This structure at E2 is clearly the relevant feature
of the spectra for EF =20 meV. For EF=5 and 10 meV,
however, the luminescence spectra present a dominant
peak at the E3 van Hove-like structure (cf. Fig. l) which
is related to transitions from the quasi-Fermi-energy level
of the n = 1 conduction-subband electron gas to states as-
sociated with on-center acceptors. Figure 10 then shows
the theoretical shift with respect to E,„ofthe main peak
in the acceptor-related T =2 K photoluminescence spec-
tra for quasi-Fermi levels of EF=10 and 20 meV com-
pared with the corresponding experimental results for
GaAs-Gao»Alo»As QW's. The agreement between the
experimental "binding energies" and the theoretical
values associated with the E2 structure (related to on-
edge acceptors) with EF =20 meV is rather good. Also, a
comparison of our results in curve 3 of Fig. 9(a)—
using E =1.519 eV—with the acceptor-related photo-
luminescence spectrum for L=50 A in Fig. 1 of Meyna-
dier et al. shows quite good agreement. As mentioned
before, Meynadier et al. have calculated the
electron-to-acceptor photoluminescence spectra for an
acceptor distribution around the on-edge location and
0
have argued that the impurities should extend about 7 A
inside the barrier and from 12—30 A in the well in order
to fit their experimental results. Our results in Figs. 9
and 10—calculated for an homogeneous distribution of
acceptors inside the QW —indicate that the distribution
of acceptors proposed by Meynadier et al. and centered
around the on-edge location is not necessarily the ade-
quate one.
Photoluminescence experiments by Miller et al. for a
Be-doped GaAs-A1022Ga078As heterostructure at 5 K
0
with 40 46-A-wide GaAs QW's revealed a luminescence
spectrum with a double-peak acceptor-related feature.












FIG. 9. Photoluminescence spectra (in units of Wp, see text)
associated with electron-to-acceptor recombinations for (a)
L=50-A, (b) L=100-A, and (c) L=150-A GaAs-Gap 8gAlp ]5As
QW's, with quasi-Fermi energies EF =5 meV (curve 1), EF= 10
meV (curve 2), and EF =20 meV (curve 3), and T=2 K. El and
E, indicate the onset of transitions from the conduction sub-
band to the upper and lower edges of the acceptor band, respec-
tively, and E,„ the onset of conduction-to-valence subband tran-
sitions.
Be. The double-peaked structure (with corresponding ex-
perimental "binding energies" of 22 and 46 meV) was in-
terpreted as associated with Be impurities both at the
heterostructure interfaces and near the center of the

















FIG. 10. Experimental binding energies (Ref. 27) versus
quantum-well thickness L compared with theoretical results as-
sociated with the main peak of the T=2 K photoluminescence
sPectra for GaAs-Gap IIAlp ~IAs QW's with quasi-Fermi ener-
gies EF=20 meV (solid curve) and EF= 10 meV (dashed curve).
Et Eg El
l
wells. As stated by Miller et al. , their results com-
pared very well with the corresponding (21 and 47 meV,
respectively) theoretical binding energies obtained by Bas-
tard' based on an infinite potential QW. In order to in-
vestigate the photoluminescence line shape, we have per-
formed the calculations of the luminescence spectra for
the cases of both the infinite and finite potential QW's
(see Fig. 11). We assumed an homogeneous (the QW's
were doped throughout with Be by Miller et al. ) distri-
bution of impurities inside the QW and a quasi-Fermi-
energy level of 5 meV. Although the theoretical photo-
luminescence line shape and energy shift between the two
peaks in the infinite QW case are in agreement with ex-
periment, the theoretical curve (in the infinite barrier
case) is blue-shifted more than 200 ineV with respect to
the experimental spectrum. For the case of the 6nite-
barrier QW, the calculated results are in the same energy
range of the experimental results (cf. Fig. 1 of Miller
et al. ) with the lower energy peak in fair agreement
with the observed spectra. However, it is apparent from
Fig. 11 that the theoretical on-edge peak (E2 structure) is
about 10-meV red-shifted from experiment and with a
weaker intensity than the lower-energy peak in contrast
with the reported spectra. We believe these discrepancies
are related to the following: (i) the calculated acceptor-
related photoluminescence spectrum is for a single isolat-
ed QW whereas the experiment was performed in a
multiple-quantum-well heterostructure with thin (50 A)
GaA1As barriers; (ii) for such narrow (L =46 A) GaAs
QW's small variations of the nominal well widths can
cause appreciable shifts in the calculated spectrum (cf.
Fig. 12 with spectra calculated for L =44, 46, and 48 A);
and, finally (iii) it was assumed a quasi-Fermi-energy level
of 5 meV and an homogeneous distribution of acceptor
impurities which may not be adequate to reproduce the
experimental situation. It is clear, therefore, that more
impurity-related photoluminescence measurements and
theoretical work are certainly necessary if one is interest-
ed in an adequate quantitative description of the
acceptor-related luminescence spectra of multiple QW's
intentionally doped samples with such thin layers.
IV. CONCLUSIONS
In this work we performed a theoretical and systematic
study of the photoluminescence spectrum associated with
shallow acceptors in GaAs-(Ga, A1)As quantum wells.
We observed, as a general feature, two special structures
in the acceptor-related spectrum: an edge associated
with transitions involving acceptors at the center of the
well, and a peak associated with transitions related to
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FIG. 11. Photoluminescence line shape (in units of Wo', see
text) associated with electron-to-acceptor recombinations for a0
L=46-A GaAs-(Ga, A1)As QW, T=5 K, and quasi-Fermi ener-
gy EF=5 meV. The dashed line corresponds to an infinite-
barrier GaAs QW, and the solid curve to a GaAs-Gap &,Alp z2As
QW. E& and E', (E, and E,') indicate the onset of transitions
from the conduction subband to the upper edge (lower edge) of
the acceptor band. E,„{E,'„) indicates the onset to
conduction ~valence intersubband transitions.
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FIG. 12. Photoluminescence spectra (in units of Wo,' see text)
associated with electron-to-acceptor recombinations for L=44-
0 0
~ 0
A {dotted curve), L =46A (solid curve), and L =48-A {dashed
curve) GaAs-Gap7IAlp2pAs QW's with quasi-Fermi energy
EF=5 meV, and T=5 K.
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pends on the temperature, the quasi-Fermi energy of the
conduction-subband electron gas, and on the acceptor
distribution along the quantum well. It is suggested that
a careful analysis of the acceptor-photoluminescence line
shape could allow an experimental determination of the
quasi-Fermi-energy level of the conduction-subband elec-
tron gas as well as of the on-edge acceptor binding ener-
gy. Experimental results of unintentionally doped
multiple-quantum-well GaAs-Gao 7Alo 3As samples by
Miller et al. ' and of single quantum wells of GaAs-
GaossA10»As by Meynadier et al. compared rather
well with theoretical results obtained with a homogene-
ous distribution of acceptor impurities along the GaAs
layer, provided that an adequate choice is made for the
quasi-Fermi-energy level associated with the n = 1
conduction-subband electron gas.
We emphasize that impurity-related experimental pho-
toluminescence measurements in QW's, multiple QW's,
and heterostructures should be compared with the corre-
sponding impurity-related theoretical luminescence spec-
trum which considerably depends on the distribution of
impurities along the heterostructure and on the quasi-
Fermi-energy level of the conduction-subband electron
gas. In most of the calculations we have presented here
we have somewhat arbitrarily chosen some adequate
quasi-Fermi-energy level and it was assumed an homo-
geneous distribution of impurities along the QW, al-
though we are aware that this may not be the case in
some of the experimental situations. We do believe that
more theoretical work is needed to achieve a complete
quantitative description of the experimental data.
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